J Clin Invest. 1995;96(2):721-726. https://doi.org/10.1172/JCI118115. Hyperglycemia-induced beta-cell dysfunction may be an important component in the pathogenesis of non-insulin-dependent diabetes mellitus. However, most available data in this field were obtained from rodent islets. To investigate the relevance of this hypothesis for human beta-cells in vivo, human pancreatic islets were transplanted under the renal capsule of nude mice. Experimental groups were chosen so that grafted islets were exposed to either hyper-or normoglycemia or combinations of these for 4 or 6 wk. Grafts of normoglycemic recipients responded with an increased insulin release to a glucose stimulus during perfusion, whereas grafts of hyperglycemic recipients failed to respond to glucose. The insulin content of the grafts in the latter groups was only 10% of those observed in controls. Recipients initially hyperglycemic (4 wk), followed by 2 wk of normoglycemia regained a normal graft insulin content, but a decreased insulin response to glucose remained. No ultrastructural signs of beta-cell damage were observed, with the exception of increased glycogen deposits in animals hyperglycemic at the time of killing. It is concluded that prolonged exposure to a diabetic environment induces a long-term secretory defect in human beta-cells, which is not dependent on the size of the islet insulin stores.
Introduction
Persistent hyperglycemia has been suggested to contribute to the impaired ,8-cell function observed in non-insulin-dependent diabetes mellitus and during the early stages of insulin-dependent diabetes mellitus (1) (2) (3) . That this can occur also in experimental animals in vivo has been well documented both for rats (4) (5) (6) and some strains of mice (7) . Whether such glucose effects are present in cultured islets is at present debated. Several reports suggest that so-called "glucose toxicity" can be observed in cultured rodent islets (8) (9) (10) (11) , whereas we and others have been unable to observe such effects (12) (13) (14) (15) (16) . These discrepancies may be explained by the use of different culture conditions and, most likely, by genetic differences between the strains of animals used (see reference 7) .
Studies in humans have demonstrated that intensive insulin therapy in early stages of insulin-dependent diabetes mellitus is able to improve /3-cell function (17) (18) (19) . In vitro studies on human islets have been difficult to perform since the availability of well defined human islets is scarce. However, it was demonstrated recently that isolated human islets exposed to high ambient glucose concentrations for 7 d in culture showed an impaired /3-cell function (20) . The aim of the present study was to evaluate if prolonged periods of hyperglycemia in vivo affect insulin release from transplanted human islets. For this purpose, islets were exposed to different periods of normoglycemia and hyperglycemia after implantation into the subcapsular space of the kidney of athymic nude mice. The graft-bearing kidney was then perfused, and glucose-stimulated insulin release from the grafted human islets was evaluated. In some experiments the insulin content and the ultrastructural appearance of the grafts were also assessed.
Methods
Islet isolation and culture. Nine human pancreata were excised from adult heart-beating organ donors and transported to the Central Unit of the /3-Cell Transplant (Medical Campus, Vrije Universiteit Brussel).
The islets were then isolated as described previously (20) . The mean age of the donors was 35±5 yr (mean±SEM, range 14-64 yr). Aliquots of the islet-enriched fraction obtained after the isolation procedure were examined with electron microscopy, which indicated the presence of 4.6±1.1% dead cells and 1.6±0.6% acinar cells in the preparations. Light microscopical examination of immunocytochemically stained islets (21) showed the presence of 56±3% insulin positive cells and 6.9±0.7% glucagon positive cells. The islet insulin content was 1.48±0.28 ng insulin/ng DNA.
After isolation the human islets were cultured in Brussels in Ham's F10 (Flow Laboratories, Irvine, Strathclyde, United Kingdom) containing 6.1 mmol/liter D-glucose, and supplemented with 0.5% bovine serum albumin, 0.08 mg/ml penicillin, and 0.1 mg/ml streptomycin. The culture period in Brussels varied between 2 and 6 d (mean±SEM; 4.0±0.8 d). The islets were subsequently sent by air to Uppsala, Sweden (transport time 4-8 h) in the culture medium referred to above, but further supplemented with 2% newborn calf serum and 10 mmol/liter Hepes. There they were cultured free-floating in groups of 100-150 islets/culture dish in RPMI 1640 (Flow) containing 5.6 mmol/liter Dglucose, 10% fetal calf serum, 100 U/ml benzylpenicillin, and 0.1 mg/ ml streptomycin for 6-8 d with medium changes every 2 d (20) .
Islet transplantation. Athymic male nude mice (C57BL/6 [nu/nu];
Bomholtgaard, Ry, Denmark) weighing 20-25 grams were used as recipients in all experiments. Some of the animals were made diabetic by an intravenous injection of alloxan (80 mg/kg body wt; Sigma Chemical Co., St. Louis, MO) 3-5 d before transplantation. The animals were anesthetized with avertin (see reference 22) and the left kidney was visualized with a flank incision. An incision was made in the renal capsule, and -3 pM (--300) of human islets was implanted by means of a braking pipette. The transplantation of this number of human islets is usually not sufficient to cure alloxan-diabetic nude mice (23) , although the occasional animal normalizes its hyperglycemia. When implanting 400 human islets into diabetic nude mice, normoglycemia was regularly obtained (24) . The wound was closed by sutures, and the animals were then observed until fully recovered from anesthesia. Some of the animals also received an intrasplenic implant consisting of _ 200 islets from C57BL/6 (ob/ob) mice, that has been shown previously to normalize hyperglycemia of syngeneic alloxan-diabetic recipients (25) . These islets had been isolated with a collagenase digestion method and cultured for 1-2 d in the medium given above for culture of human islets in Uppsala, but containing 11 mmol/liter glucose (26) . The mouse islets were implanted in avertin-anesthetized mice into the splenic pulp via a microinfusion set. The size of this graft was chosen so that the combined actions of 300 human islets and 200 mouse islets were sufficient to normalize the blood glucose of alloxan-diabetic nude mice.
Experimental groups were designated as follows based on the assumptions that 300 human islets transplanted alone are insufficient to alone maintain normoglycemia in alloxan-diabetic recipients, whereas 200 ob/ob islets with or without the simultaneous presence of 300 human islets have this capacity: (a) normoglycemic recipients transplanted with human islets 4 wk before killing (4N); (b) alloxan-diabetic recipients transplanted with human islets 4 wk before killing (4H); (c) alloxan-diabetic recipients transplanted with human islets. 4 wk later, i.e., after 4 wk of hyperglycemia, an intrasplenic ob/ob mouse islet transplant was given. This normalized the blood glucose concentration and the animals then remained normoglycemic for 2 wk before being killed (4H + 2N); and (d) alloxan-diabetic recipients cured by an intrasplenic graft consisting of 200 islets isolated from obese C57BL/ 6 mice. When these mice had been normoglycemic for 2 wk they were given the subcapsular human islet graft ( t 300 islets). 2 wk later splenectomy was performed and the mice then became hyperglycemic for 4 wk (2N + 4H).
Blood samples for determination of blood glucose concentrations with glucose reagent strips (ExacTech6; Baxter Travenol Inc., Deerfield, IL) were collected from the cut tip of the tail. Determinations were made before transplantation, when a splenectomy or intrasplenic implantation was performed, or immediately before perfusion. No samples were collected from mice which were not treated with alloxan.
Perfusion of graft-bearing kidneys. This technique has been described in detail elsewhere (27) . Briefly, animals were anesthetized with avertin and the graft-bearing kidney removed together with part of the aorta and inferior vena cava. The ureter and renal vein were cut, whereas the aorta was cannulated and perfused with a continuously gassed (02/CO2 = 95:5) Krebs-Ringer bicarbonate buffer (28) supplemented with 10 mmol/liter Hepes, 2% (wt/vol) each of dextran (Dextran T700; Pharmacia Fine Chemicals, Uppsala, Sweden) and bovine serum albumin (Fraction V; Miles Laboratories, Slough, United Kingdom) and 2.8 or 16.7 mmol/liter D-glucose. The medium was administered at a rate of 1 ml/min without recycling for 75 min with a perfusion pressure of 40-50 mmHg.
Perfusion experiments started with a 30-min period using a medium containing 2.8 mmol/liter glucose, followed by 30 min with 16.7 mmol/ liter glucose and finally 15 min with 2.8 mmol/liter glucose. A 1.0-ml sample of the effluent medium was collected 15 and 29 min after starting the initial equilibration period, and then every fifth minute. However, during the first 10 min of perfusion with the high glucose concentration, samples were taken after 1-5, 7, and 10 min. The insulin concentrations of these samples were measured by radioimmunoassay (29) . After perfusion the human islet graft was carefully dissected free from surrounding renal tissues (27) and analyzed for its insulin content (see below).
The total insulin response to glucose during the 30-min stimulation period with 16.7 mmol/liter glucose was calculated by planimetry of the area of each individual perfusion curve (7) . A value of 0.25 ng insulin/min was designated as zero, since this represented the lower limit of sensitivity for the insulin assay used.
Insulin content of the islet grafts. The grafts were homogenized in with Student's unpaired t test. ND, not determined. * P < 0.001 when compared with the value before tx in the same group of animals. $P < 0.001 when compared with normoglycemic mice.
redistilled water as described previously (7), and then sonicated to disrupt any remaining intact cells. Samples from the homogenate were extracted overnight at 4°C in acid ethanol (0.18 M HCO in 95% [vol/ vol] ethanol) and analyzed for insulin content with radioimmunoassay. Morphological examination of islet grafts. Separate animals from groups 4N (n = 2), 4H (n = 2), and 4H + 2N (n = 3) were used in these experiments. The animals were killed by cervical dislocation 4 or 6 wk after islet transplantation. The islet grafts, together with 1-2 mm of adjacent renal parenchyma, were rapidly dissected out and immediately fixed in chilled 2.5% (vol/vol) glutaraldehyde in a phosphate buffer (36 mmol/liter NaH2PO4 and 14 mmol/liter KH2PO4; pH 7.2). After postfixation in 1% (wt/vol) osmium tetroxide, the tissue was dehydrated in graded ethanol and embedded in Epon 812 (Shell Chemical Corp., San Francisco, CA). The islet grafts were identified in semithin sections stained with 1% (wt/vol) toluidine blue in 25 mmol/liter disodium tetraborate. Ultrathin sections were then prepared and electron microscopy was performed as described in detail elsewhere (30) . 
Results
The nude mice tolerated the surgical procedures well, and mortality was low (< 5%) and mainly due to infections manifested immediately after the operations. The alloxan-treated animals used in groups 4H, 4H + 2N, and 2N + 4H all had blood glucose concentrations > 15 mmol/liter at 4 wk after transplantation of human islets only (Table I ). Implantation of the additional 200 mouse islets into the spleen (group 4H + 2N) or splenectomy (group 2N + 4H) produced the expected normalization of blood glucose and return of diabetes, respectively (Table I) .
The electron microscopical appearance of /3-cells in human islets transplanted to animals from group 4N was normal, and no signs of rejection were discerned. However, the l3-cells had few secretory granules ( Fig. 1 A) . The P-cells of the animals hyperglycemic at the time of killing (group 4H) also had very few secretory granules and a well-developed secretory apparatus. A special feature of these /-cells was the high content of glycogen particles (Fig. 1 B) . When the blood glucose concentration of the alloxan-diabetic mice had been normalized by a second curative intra-splenic mouse islet graft (group 4H appearance very similar to that seen in the control animals (group 4N) with disappearance of the glycogen deposits. The graft insulin content did not differ significantly between normoglycemic control animals (group 4N) and animals in which reversal to normoglycemia had been obtained with the intrasplenic mouse islet graft (group 4H + 2N; Table I ). However, the animals hyperglycemic at the time of examination (groups 4H and 2N + 4H) demonstrated a marked reduction in graft insulin content (Table I) .
Normoglycemic recipients (group 4N) exhibited a biphasic insulin response to glucose in the perfusion experiments (Fig.  2) . Diabetes at the time of perfusion led to an almost totally absent glucose-induced insulin release, irrespective of whether hyperglycemia had been maintained for 4 wk (group 4H, Fig.  2 ) or whether the animals had been initially normoglycemic for 2 wk followed by 4 wk of hyperglycemia (group 2N + 4H, Fig. 2 ). In animals hyperglycemic for 4 wk followed by 2 wk of normoglycemia (group 4H + 2N) a markedly diminished glucose-induced insulin release was seen when compared with animals normoglycemic throughout the study (Fig. 2 ). When the total insulin output during the 30-min glucose stimulation was calculated, all three experimental groups using alloxandiabetic mice (groups 4H, 4H + 2N, and 2N + 4H) demonstrated a markedly diminished insulin output compared with normoglycemic control animals (Fig. 3 ). However, animals in group 4H + 2N had a higher insulin response when compared with groups 4H and 2N + 4H, i.e., animals hyperglycemic at the time of perfusion (Fig. 3 ).
Discussion
The human islets studied 4 wk after implantation into normoglycemic recipients demonstrated a biphasic glucose-stimulated insulin release, which promptly returned to prestimulatory levels when the glucose stimulus was withdrawn, thereby indicating tell preserved viability of the preparations. Thus, the presly used technique offers a unique opportunity to evaluate function of human pancreatic islets exposed to different editions in vivo. This is of particular relevance, considering the isolation procedure of islets from the compact human creas is likely to cause some damage to the /3-cells (see rence 31) . The islets used in the present study have been 1 1 characterized, both morphologically and functionally, betransplantation. Furthermore, the long time periods in cul-(; 1 wk) and in vivo (4 or 6 wk) would have allowed the appearance of any acute damage due to the isolation procee. This was confirmed by the normal electron microscopical xearance of the grafts. The present finding that human islet grafts exposed to hypercemia in vivo (groups 4H and 2N + 4H) have a total lack 3lucose-induced insulin release agrees with previous findings iuman islets cultured in the presence of high glucose concen-;ions (20, 32) . However, it should be noted that one recent ort suggests that culture in high glucose concentrations is rantageous for the function of human islets (33) . Whether ,reflects differences in the isolation procedure (see above) -ulture conditions is presently unknown. These discrepancies n vitro studies further emphasize the need for in vivo studies -lucidate the effects of hyperglycemia on human islets. Since the human islet grafts themselves were of insufficient to cure the animals in this study, the absent insulin response recipients hyperglycemic at the time of perfusion most cerily reflects a severely diminished insulin store of the ,/-cells.
is is in line with the observed decreased insulin content and markedly degranulated ultrastructural appearance. The abce of obvious ultrastructural signs of /-cell damage speaks inst lasting injuries induced by glucose. Any interference hyperglycemia with the engraftment process is unlikely to itribute to the present findings, since an initial 2-wk period normoglycemia (group 2N + 4H) did not improve the insulin ase in response to glucose. It that hyperglycemia per se, especially when imposed upon a reduced mass of P-cells, may impair /-cell function (for reviews see references 2 and 3). If so, an initial period of hyperglycemia followed by normoglycemia would still be associated with an impaired function of transplanted human islets. This was indeed the case in this study. The amount of insulin secreted from the cured hyperglycemic animals (group 4H + 2N) was higher than in hyperglycemic recipients but much reduced when compared with the controls. Thus, this is the first demonstration that prolonged hyperglycemia in vivo induces a defective insulin release in response to high glucose in human islets. It is obvious, however, that this secretion defect cannot simply be explained by deficient insulin stores, since the insulin content of grafts from animals in group 4H + 2N was similar to that of permanently normoglycemic recipients. Of particular interest was the present finding that there was a marked increase in glycogen deposits, as seen in the electron microscopical slides after 4 wk of hyperglycemia. It is well known that high glucose concentrations can induce glycogen accumulation in the pancreatic islets both in vivo (34) and in vitro (35) . It has also been suggested that glycogen may partake in hyperglycemia-induced islet dysfunction by interfering with glycolysis (36, 37) . However, the disappearance of glycogen after reinstallment of normoglycemia, in combination with the persistence of islet functional impairment, argues against this notion.
The finding that a distinctly deficient insulin secretory response to glucose was established after 4 wk of hyperglycemia, despite subsequent normoglycemia for 2 wk, or in a few animals even for 4 wk (our unpublished observation) is intriguing. This suggests that the insulin secretion defect induced by diabetes in the recipients may become of long duration or even permanent. The exact time period needed to induce reversible and/or irreversible hyperglycemia-induced /3-cell impairment and the mechanisms involved in this process therefore require further studies. 
